Antibodies have proven to be effective agents in cancer imaging and therapy. One of the major challenges still facing the field is the heterogeneous distribution of these agents in tumors when administered systemically. Large regions of untargeted cells can therefore escape therapy and potentially select for more resistant cells. We present here a summary of theoretical and experimental approaches to analyze and improve antibody penetration in tumor tissue.
Poor drug microdistribution in tumor tissues
Heterogeneous distribution of systemically administered antibodies in tumor tissue has been a recognized issue for immunotherapy for over twenty years [1] (Fig. 1 ). More recently, the same phenomenon has been observed with small molecule chemotherapeutics [2] . The presence of completely untreated cells in a tumor is an obvious problem for even the most potent and specific drugs -however a more insidious outcome is the fostering of drug resistance in zones of only marginally toxic drug concentration. In this review we consider the basic mechanisms of macromolecular distribution in tumor tissue, and examine potential strategies for improving total uptake and homogeneity of antibody distribution.
Previous mathematical models of antibody distribution in tumors
Antibody targeting of tumors is a complex process involving the distribution and clearance of antibody in the plasma, blood flow through the tumor, extravasation, convection and diffusion, binding, and internalization. Both inter-and intra-tumor heterogeneity further complicate the interpretation of experiments. Because of the multitude of factors influencing distribution and inability to precisely control in vivo conditions, mathematical models play a key role in understanding the fundamental factors influencing antibody distribution. It is a necessity that these models are quantitative since there are direct trade-offs between many of the conditions, such as antibody dose versus number of binding sites. Many of these parameters vary by several orders of magnitude, so qualitative arguments, such as a 'fast' rate or 'high' concentration, become meaningless. In a different system, the same rate may be relatively 'slow' and the concentration 'low.' Models must be able to incorporate the wide range in these parameters not only to explain experimental results but ultimately to predict changes in outcome for the optimization of drug properties.
A number of mathematical models of antibody diffusion through tumors have been constructed previously [3] [4] [5] [6] [7] [8] . Fujimori et al. [5] analyzed the microdistribution (∼100 μm length scale) of antibodies and demonstrated that binding alone can cause heterogeneous distribution in tumor tissue. They coined the term 'binding site barrier' to describe the phenomena where antibodies are immobilized close to their site of entry. Unfortunately, this 'barrier' is often misinterpreted, and other factors that influence the location of the moving front, such as diffusivity, antigen density, permeability, and dose, are often overlooked. Baxter and Jain [3] simulated a distribution on a macroscopic scale (1 cm diameter tumor) examining the role of elevated interstitial fluid pressure, tumor convection, and spatial variation in extravasation. In a subsequent model [4] , they incorporated antibody binding and demonstrated a detrimental effect of antibody internalization. Rippley and Stokes [7] used a microscopic model to analyze the effects of cellular pharmacology on the distribution around blood vessels. The well-studied kinetics of transferrin were used as the model therapeutic, and binding, internalization, and recycling were shown to have a large influence on distribution. Using a similar model and measuring parameters for transferrin-toxin conjugates, Wenning and Murphy [8] quantitatively described cell killing in multicell tumor spheroids. They went on to generalize conditions where spheroid penetration is limited by internalization and describe trade-offs between affinity and dose. Graff and Wittrup [6] described a reductionist model of penetration, binding, and retention. Simple analytical expressions demonstrated the interplay between dose, affinity, diffusivity, antigen concentration, clearance, and internalization.
For each of these models, the pertinent differential equations were solved numerically, and the solutions presented graphically to reproduce heterogeneous antibody distributions that resemble those observed experimentally. There is a considerable degree of overlap in the features of all of these representations, and given the simplicity of the underlying assumptions, it is likely that the essential features of the actual physiological system have been well captured in these models. Numerical models are a valuable resource for exploring system behavior by in silico experimentation. However, to a reader who does not have the computer program at their fingertips, it is far more important to obtain qualitative insights or principles that can be straightforwardly translated and incorporated into their own efforts.
In order to reduce the complex problem of antibody biodistribution to its simplest form, it can be parsed into two components: 1) transport; and 2) clearance. Fundamental understanding of the mechanisms and timescales of each are essential in order to predict and control the distance an antibody will permeate through tumor tissue under a given set of conditions. It is the balance between these processes of motion and loss that governs how far antibody penetrates into a tumor, and how fast.
Transport
The term "transport" can be applied to the movement of molecules either by flow (convection), or by Brownian motion (diffusion). In healthy tissue, there is a steady flow of extracellular fluid from the capillaries to the draining lymph vessels that drives transport of macromolecules. In contrast, functional lymphatic vessels in vascularized tumors are scarce [9] , leading to a buildup of hydrostatic pressure. High blood vessel permeability, abnormal vascular geometry, and high cell density also contribute to increased interstitial fluid pressure (IFP) in tumors by slowing blood flow and increasing leakage into the interstitial space [3] . As a result, tumor IFP values can approach those of the adjacent vasculature eliminating the pressure gradients and fluid flow observed in normal tissues [10] . Consequently, the only convection in vascularized tumors is an outward seeping flow at the tumor margins, and the primary means of antibody transport within tumors is diffusion through the extracellular space [3, 11] .
Active transport mechanisms, such as transcytosis across endothelial cells, can also influence antibody transport rates in certain circumstances, as will be discussed in Section 8.4. In these cases, the antibody must be able to interact with a receptor for transport or a secondary protein that is itself actively transported.
Diffusion
Diffusion results from the random thermal Brownian motion of molecules. In the absence of flow, diffusion results in the net movement of molecules from regions of high concentration to regions of lower concentration, a process well described by Fick's law: (1) where J is the molar flux of antibody, in moles per area per time; D is the effective antibody diffusivity (usual units cm 2 /s); [Ab] is the concentration of antibody in moles per tumor volume; and is the gradient in antibody concentration, in units of concentration per distance. When measuring the diffusion coefficient, D, the tumor is treated as a homogenous medium. Given the complex non-uniformities of the extracellular space in a tumor that is accessible to antibody, it is surprising that such a simple relationship provides a reasonable description of diffusion -however, it has been found consistent with data for antibody diffusion in vitro and in vivo [12] [13] [14] [15] . Although the values for diffusivity can vary considerably from sample to sample and amongst different tumor types, a typical value for the diffusivity of an IgG in tumor tissue is D ≈ 10 μm 2 /s [11, 13, [15] [16] [17] . A macromolecule's diffusion coefficient is approximately inversely proportional to molecular radius, so smaller antibody fragments like scFvs and Fabs are able to diffuse several fold more rapidly than IgGs [11, 16] .
Fick's law can be solved analytically for the case of a constant antibody concentration at the surface of a spherical clump of tumor cells, for example, in a micrometastasis. The antibody concentration at the center of the clump will reach the surface level at a time approximately [18] : (2) where R is the radius of the metastasis. (Note that this solution is for diffusion only, not taking into account antigen binding.) It is common to use the characteristic time R 2 /D to estimate the time required for a molecule to travel a distance R by diffusion. This relationship allows one to estimate the time for an antibody or antibody fragment to distribute uniformly through a tumor in the absence of binding. Maps of tumor vasculature and immunohistochemical imaging indicate that >95% of the viable oxygenated cells in a tumor are within 100 μm of a capillary [19, 20] . Consequently, one should expect a non-binding IgG with an effective diffusivity D =10 μm 2 /s to diffuse throughout viable tumor tissue in approximately 15 min ((100 μm) 2 /(10 μm 2 /s)).
When antibodies bind cell surface antigens, diffusion is slowed considerably due to the time taken to fill available binding sites [4, 6] . If the equilibration of the antibody/antigen interaction is more rapid than diffusion (generally the case) and affinity and antibody concentration are high enough to bind a significant fraction of antigen, a moving front of bound antibody is observed with a sharp boundary between antibody-saturated antigen on one side and essentially zero antibody on the other. The movement of this boundary can be described by a "shrinking core model", which predicts that the time to saturate a sphere will be: (3) where [Ag] is the concentration of antigen on a per-tumor volume basis; ε is the tumor void fraction accessible to antibody; the number 6 is a spherical geometric factor; and the antibody concentration at the surface of the sphere, [Ab] surf , is held constant [6] . Clearly this time will be greater than that for pure diffusion, by the factor , which will often be substantially larger than one. (Note that this factor cannot be less than 1, since antibody cannot diffuse faster than R 2 /D; such a situation would not meet the validity assumptions inherent in the derivation of this relationship.) Typical cellular densities in tumors are 2-4×10 8 cell/mL [21] , and so antigen concentration in μM will be 5×10 -7 N, where N is the number of antigen molecules per cell. Typical values of N are on the order of 10 5 to 10 6 Ag/cell for common tumor targets such as CEA and Her2 [13, 22] . The porosity ε ranges from 0.1-0.3 for macromolecules from 10-100 kDa in size, approximately 0.1 for IgG [6, 23, 24] . Assuming a 1.1 mL blood plasma volume for a mouse with weight of 20 g [25] , the peak antibody concentration in plasma, in mol/L, will be 0.12 μM/(mg/kg) for an IgG. Taken together, and for an effective diffusivity of 10 μm 2 /s, the saturation time for an IgG is predicted to be: (4) Examination of this relationship shows that simply filling the available antibody binding sites in a tumor may require hours. With 10 6 antigens per cell and a 0.1 mg/kg injection, t sat,IgG (minutes) = 1000. However, we have not yet accounted for the balance of this transport rate with either systemic or endocytic clearance. In fact, antibody clearance can prevent the tumor volume from ever saturating.
Clearance
Injected antibody is cleared both inside and outside the tumor. Systemic clearance from the plasma decreases the antibody concentration gradient driving diffusion into the tumor, and within the tumor tissue, antibody clearance by endocytic uptake determines how far the antibody diffuses before being degraded. Both forms of clearance therefore decrease antibody penetration: systemic clearance does so by decreasing antibody flux into the tumor, and endocytic clearance does so by degrading drug following complexation with surface antigen.
Systemic clearance
3.1.1. Target-independent clearance-Whole IgG clears slowly from the plasma, with β-phase elimination typically occurring with a half time on the order of days [26] [27] [28] . This extended serum persistence is the result of salvage recycling by FcRn [29] and exclusion from renal filtration due to large molecular size. The role of FcRn in igG circulation has been captured in PBPK models [30, 31] . By contrast, smaller antibody fragments such as Fabs, scFvs, and dAbs clear more rapidly with half times of minutes to hours [27, 28, 32, 33] . This rapid clearance occurs primarily through the kidneys as these molecules are below the ∼60-70 kDa size cutoff for glomerular filtration [34] . Conjugation of polyethylene glycol (PEG) chains to antibody fragments can increase their hydrodynamic radius above the kidney cutoff and greatly reduce systemic clearance rates [35, 36] . Plasma clearance rates of antibody fragments may also be reduced by covalent or non-covalent linkage to albumin or Fc domains that are able to mediate FcRn recycling [32, 33, 37, 38] . Other recombinant antibody fragment formats such as Fab 2 (∼110 kDa), minibodies (∼ 75 kDa), and tetrabodies (∼ 110-130 kDa) exhibit intermediate clearance rates as they are large enough to avoid rapid renal filtration but lack the Fc domain for salvage recycling [27, 39, 40] .
3.1.2. Target-mediated drug disposition-For some drugs, a significant sink term for clearance results directly from target binding. This sink has been called "target-mediated drug disposition (TMDD)" [41] [42] [43] . For cell surface antigens bound by antibodies, TMDD is driven by endocytic consumption of antibody-antigen complexes. It has been found that in order to adequately describe systemic clearance of an anti-EGFR antibody, the tumor-mediated endocytic clearance must be accounted for [44] . Endocytic clearance terms were also necessary in PK models for antibodies against CD4 [45] and CD11a [46] . TMDD effects are more significant when the total dose is low relative to the total amount of target. Therefore, these effects are very pronounced with low dose, large volume disease, and target expression on normal tissues.
Local endocytic clearance
In addition to accounting for a fraction of whole-body clearance, antibody internalization also exerts a significant influence on the microdistribution of antibody in tumor tissue. Each of the models described in Section 1 included terms for metabolism of antigenbound antibody.
Internalization rates for cell bound antibodies depend on the target antigen and range from minutes for clathrin coated pit mediated uptake to hours or days for more stable antigens [44, [47] [48] [49] [50] . Mattes et al. demonstrated that for many cell surface-bound antibodies, endocytic uptake is more rapid than antibody dissociation from antigen, leading to apparently irreversible binding [50] . Following endocytosis, antibodies may be recycled to the cell surface with bound antigen, significantly reducing net uptake rates [51] . Alternatively, antibodies may be trafficked to the lysosome for degradation. For imaging or therapeutic approaches utilizing radiolabeled antibodies, degradation of the antibody frees the radioisotope allowing it to diffuse away from the cell and potentially out of the tumor. This loss can occur on the order of hours for radioiodinated antibodies or more slowly for radiometal conjugates and other residualizing labels [52] [53] [54] [55] [56] . This phenomenon has been used to determine antibody internalization rates in various organs [57] . Even antibodies complexed with extracellular matrix proteins are turned over by proteolysis after more extended periods of time and thus have an effective consumption rate.
Failure to saturate tumor: clearance defeating transport
The relative rates of antibody transport into the tumor driven by diffusion compared to antibody loss from systemic and endocytic clearance determine the depth of antibody penetration into the tumor. If antibody has been cleared from circulation before it is able to saturate the tumor (t<t sat ), then the tumor will never be saturated. Similarly, if endocytic consumption removes antibody more rapidly than it is transported by diffusion, the tumor will never be saturated. These two conditions can be predicted from dimensionless ratios of the characteristic clearance and transport rates [58] .
Systemic clearance before penetration
In many therapeutic and imaging applications, systemic clearance of antibodies from the plasma plays a dominant role in determining the depth of targeting. Although IgGs are cleared from the blood slowly, smaller proteins or fragments (Fabs, scFvs, etc.) are rapidly cleared by renal filtration. Furthermore, rapid clearance may be desirable for certain applications to reduce toxic exposure to healthy tissues or reduce background for imaging. Although rapid clearance may give greater tumor specificity due to a fast reduction of antibody levels in normal tissues, the proportion of cells receiving treatment (for therapy) and signal intensity (for imaging) suffer concomitantly.
In the absence of clearance, transport of antibodies into tumor tissue requires a finite amount of time to reach each cell as antigen is saturated cell layer after layer. Ignoring internalization in the present analysis for simplicity, the time required to reach a given distance is provided by the saturation time (t sat ) above (Eq. (3)). This equation assumes a constant antibody concentration at the tumor surface. In reality, however, the surface antibody concentration changes with time due to systemic clearance. The characteristic time for systemic antibody clearance is: (5) where α, β, A, and B describe the rate of systemic clearance and are given by a biexponential fit of the plasma concentration:
and t 1/2,α and t 1/2,β are the alpha and beta clearance half lives. The characteristic clearance time (t clearance ) is roughly equal to the weighted average half-life of antibody in the blood.
The impact of systemic clearance on antibody penetration can be examined by comparing its rate to that of antibody transport. Ratios of rates or characteristic times are often used in engineering to capture fundamental trends. The clearance modulus (Γ) is the ratio between the saturation time of the tumor and the characteristic time the antibody spends in the plasma [58] : (8) where [Ab] surf,0 is the initial antibody concentration at the surface of the tumor. For solid tumors, the value of [Ab] surf,0 will depend on the rate of capillary extravasation as will be discussed in Section 5, and will generally be orders of magnitude lower than plasma levels. As a technical aside, for high affinity antibodies binding a spherical metastasis, a shape factor of 6 appears in the denominator of the exact solution (see Eq. (3)). In order to generalize the theory to other cases, some of the assumptions required for an exact solution must be relaxed, and the shape factor does not appear in the generalized scaling moduli (Eq. (8) and below). For high affinity antibodies penetrating spheroids, the 6 should be included in the denominator of the clearance and Thiele moduli to improve the accuracy since it affects R by √ ̅ 6. However, for low affinity antibodies or when targeting solid tumors, the scaling assumptions do not justify the 6, and it should not be included.
The clearance modulus can be calculated for specific cases and used to predict whether antibody will saturate the tumor to the target distance R. If Γ>1, then antibody persists in the plasma for shorter than the saturation time and will have cleared prior to reaching the distance R (Fig. 2,  A) . Conversely, if Γ≤1, the characteristic time in the plasma is greater than the saturation time and antibody will have sufficient time to penetrate to the distance R in the tumor.
It is actually the cumulative exposure of the tumor to antibody from the blood that determines the amount of antibody entering the tissue prior to it being cleared from the body, and this is commonly measured as the area under the curve (AUC) of a concentration versus time plot. The clearance modulus can thus be written as: (9) This latter form of the clearance modulus allows it to be extended to cases where clearance does not follow biexponential decay (e.g. multiple doses, non-linear clearance from TMDD, or antibody infusions). Because of poor extravasation across blood vessels, AUC surf is typically much lower than the AUC plasma for solid tumors as discussed in Section 5.
The very small values of α and β for IgGs mean systemic clearance is less of a problem for this type of antibody (i.e., Γ is typically ≪1), but large values of α and β associated with fragments substantially limit the distance, R, that can be targeted. It should also be noted that the cumulative antibody exposure given above is for the total time antibody is in the plasma. At time points prior to this, the AUC will be smaller. For example, IgGs are often in circulation for days to weeks, but the cumulative antibody exposure may not be large enough to reach the distance R if the tumor is examined after only an hour.
Steady-state between local endocytic clearance and transport
IgGs have a long half-life in the blood, and antibodies are often delivered as multiple doses, maintaining an elevated plasma concentration over time. Consequently, the concentration gradient driving diffusion will often exist for times far greater than t sat , satisfying the clearance modulus described above. However, endocytic consumption may limit transport nevertheless. As the antibody diffuses into the tissue, it will bind specifically to its antigen. Depending on the target, this antigen may be turned over quickly on the surface, such as by clathrin-mediated endocytosis, or it may be internalized more slowly by alternative mechanisms. As the antigenantibody complexes are internalized and degraded, free antigen is synthesized and transported to the cell surface where it can bind and internalize additional antibody molecules, providing a constitutive route of antibody clearance.
The constant internalization and degradation of antibody in tumor tissue opposes the continuous influx from the surrounding tissue. As more antibody enters the tumor, a larger number of cells are targeted, causing an increase in the total turnover of antibody. Eventually, a steady-state is reached where the rate of antibodies entering the tissue is equal to the rate at which the cells are degrading the antibody. The distance at which this steady-state occurs depends on multiple factors, most notably antibody dose. For low antibody doses, the first cell layer may be able to degrade antibody-antigen complexes faster than antibody enters the tissue such that only this first layer will be targeted. A larger dose may penetrate farther into the tumor if it can replenish the antibody on the first cell layer and target antigen on the second, and so on as antibody concentration is increased.
The saturation time given in Eq. (3) describes the time required for antibody to reach a given distance. Due to internalization, antibody has a characteristic amount of time bound to the cell surface prior to degradation: (10) where t endocytosis is the characteristic time for endocytosis, k e is the effective internalization rate, and t 1/2,Ag turnover is the antigen half-life on the cell surface.
The actual distance the antibody reaches (the number of cells targeted) is dependent on the rate of influx of antibody and the rate of turnover in the tissue. If the endocytic consumption is of sufficient magnitude, it will reach a steady-state with the diffusive flux into the tumor. In such a steady-state case, the two rates are equal; the time an antibody is in the tumor before being degraded is equal to the time it takes to reach a certain distance. The ratio of these rates is the Thiele modulus squared [58] : (11) Defining the modulus in this way, the value can be calculated for specific cases to predict saturation. For example, if φ 2 >1, endocytic clearance is faster than transport and the antibody will not penetrate to distance R (Fig. 2, B) . Conversely, when φ 2 <1, transport is faster than clearance and saturation out to the target distance will be achieved. In a similar manner, knowing that antibody will continue to penetrate deeper into tissue until the rates are equal, the Thiele modulus squared can be set equal to one, and the maximum penetration distance R can be solved: (12) It is apparent from this equation that higher diffusivity, larger doses, and slower internalization rates improve penetration distance into tissue, thereby targeting more cells. It can also be seen that a lower antigen concentration helps by reducing the number of antibodies that are internalized. In addition, this relationship indicates the weak square-root relationship between penetration distance and antibody dosage (e.g. a 4-fold increase in antibody concentration only doubles the penetration distance.)
Vascularized vs. micrometastatic
Antibodies are currently used to target both bulk tumors and residual disease [59] . This involves targeting both prevascular micrometastases and vascularized tumors of various sizes (Fig. 3) . For intravenous delivery of antibodies (as opposed to intra-tumor injection), tumor cells are exposed to antibody at two main interfaces: the tumor surface and blood vessel surface. For prevascular metastases, the only uptake occurs by diffusion at the surface from the surrounding tissue. For larger tumors, the outer surface area to tumor volume ratio is smaller, so surface uptake is less important. Extravasation from tumor blood vessels becomes the dominant mode of uptake.
Extravasation limitation
Antibodies in the plasma serve as the major source of uptake in bulk tumors, and the vasculature serves as the major delivery mechanism. There are three primary factors relating to the vasculature that determine the amount of antibody entering the tumor: the amount of vessel perfusion, the rate of antibody extravasation across the capillary walls, and the rate of antibody diffusion in the tumor interstitium. The vasculature does not affect diffusion in the tissue per se, but inter-capillary spacing determines the maximum distance antibody must diffuse to reach all cells. If any one of these factors is insufficient, the amount of drug reaching the target cells may be significantly reduced. It is important to understand the limiting cause in order to develop treatments to circumvent this. Conversely, treatments improving upon non-limiting factors will show little benefit.
If extravasation across the blood vessel wall and diffusion to the target were both rapid, the amount of antibody leaving the plasma would be large. The concentration could drop along the length of a blood vessel, and cells near the venous end would receive less antibody than those near the arterial end. A quick analysis of typical tumor blood flow rates and extravasation rates for macromolecules shows this is not the case [60] . The concentration along the length of the blood vessel is approximately equal to the bulk plasma concentration, and perfusion is typically not limiting for antibody uptake.
The permeability of tumor blood vessels has been measured previously [61] [62] [63] . Although the vessels in tumors are often considered 'leaky' compared to normal tissue [64] , the lack of lymphatics and poor fluid flow result in elevated interstitial fluid pressure (IFP) [3] . This pressure stops fluid from leaving the vessels (convection), which is the main mechanism of extravasation in normal tissue [65] . Therefore, although vessels are 'leaky' and the size of molecules that can extravasate is larger in tumor tissue than normal tissue, the rate of extravasation is still very slow. Extravasation can be characterized by a constant known as the "permeability coefficient" P, defined as follows: (13) where, as before, J is the molar flux of antibody, in moles per capillary wall area per time; P is the vascular permeability coefficient (usual units cm/s); and Δ[Ab] is the change in antibody concentration across the capillary wall. A typical value of P for an IgG in tumor tissue is 3×10 -7 cm/s [63] . This ignores any contribution from convection or active transcytosis, giving a conservative estimate for extravasation.
To determine whether interstitial diffusion or extravasation is limiting uptake, the characteristic times of each process can be compared. The characteristic time for extravasation is given by: (14) The tumor can be envisioned as a collection of blood vessels surrounded by cancer cells. The tumor volume and blood vessel surface area can then be described for a single vessel: (15) where P is the permeability [62] , L is the length of a blood vessel, R capillary is the blood vessel radius, and R is radius of the tissue surrounding the capillary (i.e. half the average distance between capillaries).
The characteristic time for free diffusion in the absence of binding is: (16) The ratio of these two times is called the Biot number (a ratio of internal to external transport resistances in a multiphase system [66] ): (17) If the Biot number is very large, antibodies freely cross the blood vessel wall, and the concentration of antibody that tumor tissue is exposed to at the blood vessel surface is approximately equal to the plasma concentration ([Ab] surf ≈ [Ab] plasma ). However, if the Biot number is very small, antibody diffuses away from the blood vessel much faster than it can exit the vessel. Using measured values of permeability and diffusion for macromolecules in tumors, it can be seen that the Biot number is generally ≪1. For scFvs and IgGs, the Biot number typically ranges from 10 -2 to 10 -3 . The end result is that the concentration to which the tumor is exposed is much lower (100-1000 fold lower) than the plasma concentration due to the poor diffusive permeability of the blood vessel wall. Viewed as resistances in series, the capillary wall's resistance to antibody transport is significantly greater than subsequent diffusive resistance.
Compartmental model of tumor accumulation of antibody
Compartmental models have been used to analyze the kinetics of antibody uptake in tumors [1, 42, 67] . These models ignore the spatial heterogeneity present within the tumor and treat the whole tumor as a well-mixed volume. Often the rate constants for antibody entering and leaving the tumor are fit to experimental data. These types of models also include the more complex physiological based pharmacokinetic models [30, 68] .
Compartment models assume that the uptake and loss of antibody from tumor tissue is proportional to the free antibody concentration in the plasma and tumor, respectively. The low permeability of the vascular wall justifies this assumption. Comparatively rapid diffusion of antibody away from the blood vessel wall ensures that the free antibody concentration at the tumor surface is much less than the plasma concentration:
where J is the flux of antibody into the tumor from the plasma and P is the capillary permeability.
Multiplying this flux by the capillary surface area S and dividing by tumor volume V results in a simple uptake rate constant: (20) where the blood vessel surface area to tumor volume ratio, is represented by:
The simplification of this approximate rate form is valid due to the large difference between extravasation and diffusive time constants. If extravasation were not limiting, uptake would depend on the diffusion rate, as well as blood vessel orientation and distribution in the tumor. Extravasation from closely spaced vessels would be suppressed by increasing local [Ab] surface due to the high local density of blood vessels and slow diffusion away from this region. More sparsely vascularized regions would continue to take up antibody depending on the maximum distance between vessels. This distribution in distances between vessels is stochastic and highly variable [19] . Capturing the effects of this distribution in a simple model would be difficult.
The slow transport across the blood vessel wall that limits antibody penetration around individual blood vessels also gives rise to very slow total uptake in tumors and slow loss to the surrounding tissue. Low permeability creates the enhanced permeability and retention (EPR) effect. Large molecules extravasate (albeit slowly) across the large interendothelial gaps in tumor blood vessels, and the slow rate of transport across the blood vessel traps them in the tumor [69] .
Antibody affinity
The affinity of an antibody for its target plays an important role in determining both its microdistribution and retention in a tumor. Experimental [70] [71] [72] and theoretical analyses [4, 5, 73] have shown that lower affinity antibodies have a more homogeneous distribution in tumor tissue. This improved penetration is due to the ability of low affinity antibodies to dissociate from the antigen after binding and subsequently diffuse farther into the tissue. However, this decrease in heterogeneity comes with associated costs -lowered affinity does not increase the amount of antibody entering tumor tissue, but it does increase the exit of free antibody via capillary intravasation or convective flow at the tumor periphery thereby reducing total tumor uptake. This loss can be significant in micrometastases or small tumors due to the large surface area to volume ratio, but is generally lower in solid tumors due to slow exchange across the endothelium.
The affinity at which an antibody starts to display a more homogenous distribution can be predicted from theoretical considerations. Since association rates are generally similar between high and low affinity antibodies [74] both will bind free antigen at the same rate. Once bound, high affinity antibodies will be irreversibly immobilized if their dissociation rate (k off ) is slower than cellular internalization (k off <k e ) as is often the case [50] . In contrast, low affinity antibodies (k off >k e ) will be able to dissociate prior to internalization and diffuse farther into the tumor. As a result, the sharp gradient between fully saturated antigen and untargeted cells observed with high affinity antibodies is replaced by a more uniform distribution of subsaturating antibody labeling. This effect is primarily observed when [Ab] surf is small, as is frequently the case in solid tumors due to poor capillary extravasation. Here, the characteristic time for transport to a distance R is: (22) where K d is the equilibrium dissociation constant for the antibody. An implicit assumption in this expression is that K d is less than [Ag]/ε in the tumor. Otherwise, when K d is larger than both the antibody and antigen concentration, the molecule behaves as a non-binder, and the characteristic time for transport reverts back to R 2 /D. Incorporating the ability of low affinity antibodies to transport through the tissue at subsaturating concentrations, the clearance modulus becomes [73] : (23) For high affinity binders, K d ≪[Ab] surf , yielding equation 8. Low affinity binders have larger dissocation constants (K d ), such that they can achieve the criteria for penetration to the target distance (Γ<1) with lower antibody doses.
Lower affinity also decreases heterogeneity in the steady-state scenario (slow or no systemic clearance). In this case, the Thiele modulus becomes (74): (24) As with the clearance modulus, high affinity antibodies (K d ≪[Ab] surf ) behave as previously described, but lower affinity antibodies can penetrate farther due to their larger K d values. With a smaller fraction of antibody bound to the target, less drug gets cleared by endocytic consumption leading to increased penetration.
Although low affinity antibodies are predicted to penetrate farther into the tumor, it is imperative to understand that the antibody will generally not be saturating the antigen in this case. For antibodies approaching homogeneity in the tumor, the fractional saturation of antigen can be estimated at steady-state as . Therefore, when antibody is administered at subsaturating doses the choice is between: a) fully saturating a fraction of the cells with a high affinity antibody; or b) targeting all cells at a subsaturating level with a low affinity antibody. In this scenario, the comparative therapeutic efficacy of high and low affinity antibodies will depend on the number of antibodies that must bind each cell to achieve cytotoxicity. Therapeutic effector functions that require high receptor occupancy such as signal inhibition and ADCC may be ineffective when combined with subsaturating low affinity binders [75, 76] , while potent therapeutics such as alpha emitter radionuclides and some immunotoxins may be able to kill the majority of cells with delivery of a small number of antibody molecules [77, 78] .
Another critical trade-off of using low affinity antibodies is decreased tumor retention. The same rapid dissociation that allows low affinity antibodies to penetrate farther into the tumor also leaves a greater proportion of unbound molecules free to leave the tumor by capillary intravasation or convective clearance at the tumor periphery. If the clearance of free antibody by these routes is faster than the endocytic clearance of bound antibody, low affinity antibodies will have a lower total tumor uptake relative to high affinity binders. Several groups have demonstrated this trade-off experimentally showing increased tumor uptake with increasing affinity in a variety of tumor models [71, [79] [80] [81] , although this increase plateaus at very high affinities [70] .
Effects of tumor physiology on targeting
Tumor tissue differs from healthy tissues in multiple physiological aspects in addition to the genetic variations that initiated the cancer. Blood vessel development and tissue architecture both influence tumor targeting. The impact of several of these factors needs to be considered when developing improved therapies.
Although the analysis of penetration described above focuses primarily on antibody microdistribution on a length scale < 100 μm, additional heterogeneity can occur within the tumor on a larger spatial scale. Furthermore, variations in blood flow and cell growth can create temporal heterogeneity that will affect antibody therapies.
Blood vessel distribution in tumors is very heterogeneous [19, 82] , and this gives rise to both chronic and acute hypoxia [83] . Chronic hypoxia develops from insufficient neovasculature or blood vessel collapse due to solid pressure from dividing cells [84] . This results in large necrotic regions due to oxygen and nutrient deprivation. The collapse of vessels in chronic hypoxia affects antibody targeting by reducing the number of functional vessels delivering antibody and increasing the distance antibody must penetrate to target all cells. Chronic hypoxia and large necrotic regions in the tumor will certainly reduce overall uptake of antibody. However, from a therapeutic (pharmacodynamic) standpoint, targeting only needs to reach the viable cells.
Acute hypoxia also transiently occurs on a much faster (several minute) time scale [85, 86] . Arterioles open and close in normal tissue to direct blood to different areas, but these mechanisms fail in tumors causing uncontrolled shunting of blood [83] . The inflamed endothelium increases attachment of leukocytes and may cause transient plugging of vessels [87] . As long as the time antibody spends in the plasma is longer than the transient opening and closing of the vessels, this should have little impact on targeting. Antibody will enter the vessel while it is open, and the amount of antibody should not be depleted before the vessel opens again. However, with rapidly cleared antibody fragments the possibility exists that antibody will clear from circulation before such a transient cessation of flow is reversed.
Tumors contain several cell types in addition to endothelium and cancerous cells, such as macrophages and fibroblasts. The surrounding stroma can have a large impact on blood vessel permeability and diffusivity through the extracellular matrix [88] . The distribution of immune effector cells may also influence the pharmacodynamics of antibodies that rely on Fc-mediated effector functions for cytotoxicity.
Design variables to decrease spatial heterogeneity
Computational analyses such as those described above can be powerful tools for not only identifying the causes of heterogeneous antibody distribution in tumors but also as guides for rationally crafting solutions. Analysis of the dimensionless groups can be used to identify the transport or clearance processes that are limiting for penetration, as well as predict target parameter values expected to achieve saturation. Most of the parameters in turn can be physically manipulated by protein engineering, dosing strategies, or careful selection of tumor targets. In general, changes to parameters that make the Thiele and clearance numbers smaller (i.e. transport faster than clearance) are predicted to improve antibody penetration into the tumor, while changes that make these numbers larger should increase antibody heterogeneity. However, since either the systemic or endocytic clearance, or both, could be limiting, reducing one of these dimensionless groups alone may be insufficient to achieve saturation. For instance, if φ 2 >1, then endocytic consumption is limiting and tumor saturation cannot be obtained by extending the lifetime of the antibody in circulation alone. Several of the most important parameters are discussed in more detail below.
Antibody dose
Perhaps the most intuitively direct approach for increasing antibody uptake in the tumor is to increase the administered dose. Several groups have demonstrated that the total amount of antibody entering the tumor scales approximately linearly with dose at concentrations below those required for full antigen saturation [89] [90] [91] [92] . When tumor uptake is reported as %ID/g, this linear relationship appears as a constant %ID/g value, independent of dose. At higher doses, antigen saturation can occur, and the dose dependent increase in antibody uptake will plateau due to a lack of available binding sites, seen as a decrease in the %ID/g [91, 92] . Increased dose has also been shown to improve antibody penetration and homogeneity within the tumor tissue [72, 93] . Administering several hundred micrograms of antibody or more is typically necessary in order to obtain saturation, and therefore homogeneity, in a mouse xenograft model [94] .
From a theoretical standpoint, the Thiele and clearance numbers can be used to predict the plasma dose required to target all cells out to a given distance R in a tumor. A conservative value for R can be chosen such that all viable cells within a tumor fall within this distance of a functional blood vessel. The antibody dose ([Ab] plasma ) required to bring both dimensionless groups below one (Γ<1, φ 2 <1) is predicted to saturate all cells in the tumor out to this distance. An additional theoretical prediction derived from Eq. (12) is that the antibody penetration distance should scale with the square-root of the dose. Naked antibody has a very high maximum tolerated dose (MTD) and is administered in multiple grams/kg during IVIG therapy [95, 96] . Unfortunately, there are often other limits on the maximum dose of antibody that can be delivered in cancer therapies. Many therapeutics have a toxin or radioisotope associated with the antibody which drastically lowers the MTD [97] . In imaging applications, the increase in signal from larger doses is often more than negated by an increase in background associated with high levels in the plasma and other highly perfused organs [98] . Even the cost of a highly pure monoclonal antibody is often limiting [99] .
Antigen selection
Several factors related to the target antigen can significantly influence antibody distribution and therapeutic efficacy including the antigen concentration and distribution, internalization kinetics, and tumor specificity. As seen in Eqs. (3), (8) , and (11), high antigen concentrations are predicted to increase the saturation time and reduce antibody penetration into the tumor by creating a larger binding and metabolic sink. Therefore, antibodies against antigens expressed at a lower level will be distributed more uniformly in the tumor. If the antigen concentration is too low, however, the amount of bound antibody per cell may be insufficient to mediate the therapeutic effect. Ideally then, the antigen concentration is just above the threshold required for cytotoxicity. More potent therapeutics will be able to successfully target antigens with lower expression levels. Heterogeneous antigen expression may also reduce therapeutic efficacy as non-antigen expressing cells will be left untargeted even if the saturation criteria (Γ<1, φ 2 <1) are achieved [100] . Combinations of antibodies against different antigens or therapeutics capable of initiating bystander effects may improve therapeutic efficacy in these cases [101, 102] .
As discussed in Section 4.2, rapid antigen internalization limits the distance antibody can penetrate outside of a capillary before being degraded. Internalization also reduces the cell surface persistence of bound antibodies which may lower efficacy in therapeutic approaches that require sustained surface localization such as pretargeting strategies or ADCC in which the Fc region much interact with immune effector cells [103] . As a result, antibodies against more stable antigens such as tight junction proteins, ECM components, and trapped necrotic debris [104] or shed antigen may be ideal targeting agents. Selection of antibodies that efficiently recycle with the antigen can also reduce the effective internalization rate [51] . Down-regulation of the surface antigen mediated by antibody binding also lowers the effective antigen concentration [105] . Although decreasing antibody internalization is predicted to improve antibody homogeneity and persistence, pharmacodynamic consideration may necessitate more rapid internalization in some cases. Many immunotoxins and immunodrug conjugates must be internalized before they can initiate cell killing. This category of trade-off has been considered in more detail in other mathematical models [8] .
The specificity of the antigen for neoplastic tissue is another concern. Some cancer antigens are expressed in small amounts in normal tissue. Due to the healthy vasculature and convective flow, these antigens will be quickly saturated with antibody, which may cause dose-limiting toxicities. Similarly, shed antigen may accumulate in the blood and bind antibody before it reaches the tumor [106] . A 'cold' dose (lacking the therapeutic moiety) delivered prior to the therapeutic or imaging agent will preferentially saturate the antigen in circulation or normal tissue [107, 108] .
Systemic clearance and antibody size
As discussed in Section 4.1, antibodies that are cleared from the plasma more rapidly than they are able to fill up binding sites will be unable to saturate the tumor. Therefore, reducing the rate of systemic clearance should increase the amount of tumor uptake by maintaining a greater diffusive gradient of antibodies entering the tumor for a longer period of time. Accordingly, IgGs which are cleared slowly from the plasma due to FcRn recycling and little kidney filtration typically have high peak tumor uptake levels with values in the range of 20-40% ID/g for radiolabeled biodistribution studies [27, 28, 109, 110] . In contrast, smaller fragments such as scFvs and Fabs generally have much lower tumor uptake (often 1-5%ID/g) as most of the protein is cleared through the kidneys before it is able to enter the tumor [27, 28, [110] [111] [112] .
A variety of protein engineering approaches aimed at reducing plasma clearance rates of antibody fragments have also been successful at increasing tumor accumulation. Several groups have demonstrated increased tumor accumulation of antibody fragments following conjugation to polyethylene glycol (PEG) to increase molecular size above the renal filtration cutoff [112] [113] [114] . Similarly, attachment of an albumin binding peptide to a Her2 targeting Fab reduced systemic clearance, increased total tumor uptake, and produced a more homogeneous distribution of antibody within the tumor [115] . In a more systematic study, Kenanova et al. compared the biodistribution of three scFv-Fc constructs with different rates of plasma clearance due to mutations in the Fc domain and found a direct relationship between extended serum persistence and increased tumor uptake [116] .
One potential trade-off of using larger antibodies to reduce serum clearance is a corresponding decrease in diffusivity and capillary permeability as both of these parameters are inversely proportional to macromolecular radius [11, 16, 61] . Decreased diffusivity and permeability should in turn reduce the rate of antibody transport, which may limit tumor penetration under certain circumstances. Sutherland and colleagues demonstrated increased penetration of anti-CEA antibody fragments compared to full length IgGs in an in vitro tumor spheroid model that eliminated the effects of systemic clearance [117] . Reduced permeability and diffusivity may also explain the observation of decreased uptake and penetration of PEGylated IgGs compared to the native form [118] . Ultimately, the effect of increasing antibody size on tumor uptake should depend on whether systemic or endocytic clearance is limiting. If systemic clearance is limiting (Γ>1and Γ>φ 2 ), then reducing clearance by increasing antibody size should increase tumor uptake. In contrast, if endocytic clearance is limiting (φ 2 >1 and φ 2 >Γ), then increasing antibody size will likely fail to increase tumor uptake and may actually decrease penetration due to the reduced diffusivity and permeability.
Extending serum persistence for increased tumor uptake may also result in poor tumor:blood ratios with negative consequences for imaging or therapy. For antibody therapies utilizing radiometal and toxin conjugates, slow systemic clearance may cause dose limiting toxicities to the bone marrow and other healthy tissue [119, 120] . Similarly, slow clearance may reduce the sensitivity of imaging or necessitate long waiting periods due to high background signals in the blood and other well perfused tissues [29] . Due to these trade-offs, Wu and coworkers have suggested that antibody formats with intermediate clearance rates such as diabodies, minibodies, and scFv-Fcs with reduced FcRn affinity may be optimal imaging agents [121, 122] .
Pretargeting approaches such as ADEPT and PRIT may alleviate these problems by decoupling the clearance kinetics of the targeting and effector agents [123, 124] . These strategies take advantage of the fact that antibodies are passively taken up in the tumor but actively retained. By combining a slowly cleared, unlabeled targeting molecule with a rapidly cleared prodrug or radioactive hapten, significant increases in tumor selectivity and reductions in toxicity can be achieved. These approaches are inherently more complicated due to both a primary and secondary agent, however. Both the primary (antibody) and secondary agent doses must be optimized to target all the cancer cells and localized antibody respectively. For example, if the secondary agent is dose limiting, total signal may appear independent of the antibody dose even if the tumor is not saturated [89] . Similarly, increasing the dose of secondary agent can saturate the localized antibody even when that antibody has not saturated the tumor [125] . Analysis of the uptake and retention rates of both agents will help facilitate experimental design and optimize delivery.
Even with pretargeting strategies, slow antibody clearance may hinder total uptake. In such two-step approaches, the MTD is determined by the amount of antibody present in the plasma when the secondary agent is administered. If the clearance rate from the plasma is slower than the internalization rate of antibody on the surface of the tumor cells, little antibody will remain on the cell surface by the time the secondary agent can be safely administered [126] . On the contrary, if the clearance rate from the plasma is faster than the rate at which bound antibody is internalized, an increase in antibody dose will result in more antibody on the surface at the time of secondary agent administration. The two scenarios can be distinguished by a ratio of the clearance to internalization rate: (25) For values much greater than one, a large proportion of the antibody initially on the cell surface will be internalized before the plasma concentration decreases sufficiently to allow administration of the toxic effector. In this case, a clearing agent may be needed to artificially speed up antibody clearance from the plasma [127] . This allows a more ideal situation where the tumor is exposed to a large concentration to drive uptake initially, then the clearing agent rapidly reduces the plasma concentration to lower the exposure of normal tissue. Alternatively, yeast glycosylation has been used to increase clearance rates of an ADEPT antibody-enzyme fusion, thereby increasing tumor selectivity, although at a cost of decreased total tumor uptake [128] .
Increasing transcapillary flux
As discussed in Section 5.1, a major limitation for transport in solid tumors is slow extravasation across the blood vessel wall. This results in both slow uptake and loss of antibody from the tumor, as well as low overall concentrations. Any approach that increases the rate of transcapillary transport should therefore avoid this limitation and increase the concentration of antibody in the tumor. An increase in antibody transport across the endothelium could also increase the flux of unbound molecules out of the tumor, reducing the EPR effect and increasing specificity mediated by antigen binding.
The simplest approach for increasing vascular permeability is to decrease antibody size, although as discussed in Section 8.3 this produces a trade-off of rapid systemic clearance. Antibody charge may also impact permeability. The capillary endothelium is negatively charged such that positively charged macromolecules exhibit increased transvascular flux [65, 129, 130] . However, positively charged molecules may also clear more rapidly from the circulation and accumulate in the kidney or liver producing toxic side effects [131, 132] .
Tumor vessel permeability may also be improved by increasing the local concentration of vasopermeability enhancing cytokines such as VEGF, IL-2, or TNF. These signaling molecules increase the physical permeability of vasculature by inducing the formation of fenestrations within endothelial cells or increasing the size of intercellular gaps [133] [134] [135] . Epstein and coworkers have demonstrated that systemic administration of IL-2 peptides fused to tumor targeting antibodies can specifically increase permeability of the tumor vasculature leading to increased tumor uptake and therapeutic efficacy of subsequently administered drugs [136, 137] . In contrast, Halin et al. found that pretreatment of tumor bearing mice with a tumor targeting scFv-VEGF fusion only improved uptake of subsequently administered drugs moderately and at high concentrations [138] . This may be due to the high concentrations of VEGF already in the tumor. One potential danger of approaches that increase vascular permeability is the possible increase in metastasis as tumors cells may be able to intravasate more easily through the leaky vessels [139, 140] . However, if these approaches are utilized in conjunction with antibody therapies, the escaping cells should be easily targeted and destroyed.
Other approaches have been described that increase transvascular flux by increasing perfusion or convection rather than macromolecular permeability. Pharmacological agents can be used to increase blood pressure which has been shown to increase perfusion by opening collapsed vessels in the tumor, thereby increasing the surface area for exchange [141, 142] . The increased blood pressure can also increase convective flow into the tumor, although this response is typically short lived as the tumor and vessel pressures rapidly re-equilibrate [143, 144] . Other researchers have increased convection into the tumor by reducing tumor interstitial fluid pressure (IFP) through radiation, PDGF inhibitors, or other pharmacological agents [145] [146] [147] [148] . The reduced IFP has been shown to increase tumor uptake of coadministered small molecules or antibodies, although this effect is also transient.
Improved tumor perfusion and convective flow may also be achieved by vascular 'normalization' with anti-angiogenic drugs [149, 150] . Jain and colleagues have demonstrated that inhibiting proangiogenic signaling molecules in tumors causes tumor vasculature to take on a more normal physiology including reduced hyper-permeability, reduced IFP, increased vessel perfusion, and increased transcapillary convection [151] [152] [153] . These changes have been shown to increase the tumor penetration and therapeutic efficacy of subsequently administered small molecules [152, 154] . A mathematical model has been developed that describes the changes in IFP and convection following normalization [155] . Due to the decreases in vessel permeability, however, 'normalization' may be less successful at increasing the uptake of larger macromolecules such as antibodies [153, 156] . Ultimately, the trade-off between pharmacodynamic benefits and decreased targeting will determine the utility of this approach.
Finally, transcapillary flux of antibodies may be increased by utilizing proteins that are actively transcytosed across the vessel wall through specific interactions with endothelial receptors. This active transport can be significantly faster than diffusive flux. Schnitzer et al. isolated an antibody specific to lung caveolae that is rapidly and specifically transported into the lung following systemic administration [157] . Other groups have suggested that albumin may be actively trafficked across vasculature through interactions with endothelial receptors [158, 159] . This may explain the impressive biodistribution properties of Abraxane, a Taxol formulation with albumin [160] , as well as antibody fragments with albumin binding peptides [115] . If the endothelial receptors are specific to the tumor tissue, transcytosis may also provide an additional layer of specificity. Bispecific antibodies would selectively and actively be taken up in the tissue, and by binding tumor antigen, they would be actively retained. Utilizing these mechanisms to enhance antibody targeting has its own unique challenges, such as competition with natural proteins (e.g. albumin and Fc region of endogenous antibodies) and optimal affinity (too low to bind versus too high to dissociate on the tumor side of the endothelium).
Conclusions
Analyzing the fundamental rates that determine antibody uptake and distribution provides a theoretical framework for understanding and interpreting targeting experiments and improving on the limitations of uptake. It also provides a background for a more rational design of in vitro experiments, animal studies, and clinical trials. The insight gained from this type of modeling has multiple implications for imaging and therapy. For example, not all cells are exposed to the 'average' concentration obtained in a tumor. A significant portion of cells can survive even if the tumor-averaged concentration is well above the LD 50 in vitro. Also, the concentration that cells in a solid tumor are exposed to ([Ab] surf ) is well below the plasma concentration. This means that the bulk antibody concentration in an in vitro spheroid experiment is not analogous to the plasma concentration but is actually well below it; large doses are required to overcome this poor extravasation. Knowing the rate of uptake in a tumor and clearance from the plasma and normal tissues also provides estimates of ratios between tumor and normal tissue concentrations, and these ratios are important in both imaging and therapy. These examples illustrate the utility of combining theoretical analysis with experimental results. The measurable rates provided in the analysis also suggest ways to rationally improve uptake, and determining the limiting rates is the first step in overcoming these problems.
Mathematical analyses of antibody distribution through tumors cannot realize their potential to influence our understanding of tumor physiology if they are considered the exclusive territory of mathematicians and modelers. Simple scaling relationships like those presented here may help bridge theory and practice in this regard. Examples of antibody heterogeneity in tumors. A) In the left panel, a tissue slice is incubated with antibody in vitro, demonstrating fairly uniform antigen distribution. However in the right panel, in vivo injection of antibody results in heterogeneous distribution. 0.2 μg of an anti-HLA IgG were injected, and a sample of an RCC xenograft was taken at 24 h [161] . B) As part of an extensive body of modeling and experimental work on what they termed the "binding site barrier", Weinstein and coworkers demonstrated this spatial heterogeneity at a low dose (30 μg) of a radiolabeled IgG (D3), in an intradermal L10 tumor in guinea pigs, sampled at 6 h [93] . Adjacent tissue slices were stained for total antigen (left) and antibody (right). C) In an influential demonstration of heterogeneity for high affinity antibody fragments, Adams et al.
showed that a picomolar affinity scFv (red) penetrated only several cell layers away from capillaries (yellow). 100 micrograms of anti-Her2 scFv was injected to nephrectomized mice with SK-OV-3 xenografts, and sampled at 24 h [70] . D) In this case, heterogeneity is shown for an actual therapeutic molecule (10 mg/kg Trastuzumab, shown in green) in a mouse xenograft (F2-1282 tumor) 24 h after injection1 [16] . The drug moves only several cell layers away from vasculature (shown in red), leaving many unreached cells (counterstained blue). E) The movement of a sharp antibody front in a spheroid of tumor cells is here demonstrated [162] . A 200 μm diameter spheroid of LNCaP-LN3 cells was incubated with 10 μg/mL J591-FITC IgG for 1, 2,3, and 24 24 h. Imaged by confocal microscopy, the antibody is seen to penetrate as a sharp front.
Fig. 2.
A diagram showing the balance between antibody penetration and systemic or local clearance. A) A sequence of four time points illustrates the penetration of antibody into the tumor while free antibody remains in the blood. Once the plasma concentration has cleared, no more free antibody exists to diffuse deeper into the tumor. A clearance modulus greater than unity indicates systemic clearance occurs before all cells out to the target distance R are targeted. B) Catabolism of antibody counteracts penetration into tumor tissue. In this illustration, the steadystate concentration of plasma antibody is only sufficient to target one cell layer away from the capillary. The green shaded area indicates the region saturated with antibody, while several individual antibodies are shown to explicitly depict catabolism. The Thiele modulus value greater than one indicates that the antibody is catabolized before reaching all of the cells out to the target distance R. A schematic illustration of the key rate processes in antibody distribution in both vascularized tumors and micrometastases. Although many of the processes are the same, and the length scales are similar as well (R∼100 μm for each), there is a dramatic difference in the extravasation flux across the capillary walls, which is much smaller in bulk tumors due to the buildup of hydrostatic pressure [60] . Consequently the antibody concentration at the boundary of tumor tissue is considerably lower in vascularized bulk tumors, leading to a smaller concentration gradient and lower diffusive flux through the tumor than in the micrometastatic case.
